Here, we present evidence that the ClyA cytotoxin is exported from the bacterial cell in OMVs and that it is adopting a cytolytically active, oligomeric conformation in the vesicles. We suggest that the results define a vesicle-mediated transport mechanism in bacteria that is responsible for the activation and delivery of pathogenic effector proteins.
Results

Surface Exposure of ClyA
The surface exposure of ClyA on different E. coli K-12 . These structures were suspected to tected in the case of the vector control strain (MC1061/ pUC18), but a small subpopulation of cells (1%) apparrepresent ClyA pore assemblies since they resembled what had earlier been found after addition of purified ently expressed high enough levels to be seen in this analysis ( Figures 1E and 1F) To get more detailed information about the surface
ClyA Accumulation in OMVs
To further analyze the relationship between ClyA and characteristics of cells expressing ClyA, we examined the bacteria by electron microscopy (EM) and by atomic vesicles, we purified vesicles from cell-free culture supernatants of ClyA-positive and -negative strains (see force microscopy (AFM). We then found that there were small outer-membrane vesicles surrounding the bacteExperimental Procedures). These preparations were enriched in vesicles with a diameter within the range 50-rial cells. The AFM images of MC1061/pYMZ80, MWK11, and YMZ19 cells in Figures 2A-2C , and the EM migro-200 nm. In the case of the ClyA-producing bacteria (e.g., 2I ). We concluded that the pore-like structures were ClyA protein assemblies. Vesicles from the strains producing ClyA were somewhat heterogenous in size, and the larger vesicle structures were more common in the case of strains overproducing the cytotoxin (e.g., MC1061/pYMZ80; Figure 3A) . In addition to the pore-like structures, side views of the presumed pore assemblies could be seen as spikes protruding from the margin (Figures 2G and 3A ). There were no such structures observed with the vesicles obtained from the ClyA-negative strain, but they retained their more uniform size and appearance ( Figure 3B) .
Analyses of the protein content of the vesicle preparations are shown in Figure 4 . Vesicles from the strains MC1061/pYMZ80 and MWK11 contained relatively large 
ClyA Cytolytic Activity Is Associated with OMVs
To determine hemolytic activity, we used a contact hemolytic assay (see Experimental Procedures). We comsis using anti-ClyA antibodies confirmed the presence of the ClyA protein in both the whole-cell preparations pared the activity with that of purified ClyA protein obtained from the periplasm of the bacteria. Both the OMVs and in vesicles ( Figure 4B Figure 5B, subcellular fractions of the bacteria. As a specific inner-icity were observed after about 60 min and it took more than 3 hr before the majority of cells were affected. In control experiments with OMVs from the ClyA defective strain (YMZ19), there was no obvious cytotoxicity observed during the 6 hr duration of the studies (data not shown).
To quantify the ClyA cytotoxicity, we used an assay determining the release of the cytoplasmic enzyme lactate dehydrogenase (LDH) from the HeLa cells upon treatment with either the purified ClyA or with the OMVs from strains MWK11 and YMZ19. The results were consistent with the observations described above, and only the ClyA-containing OMVs caused clear cytotoxicity during the initial 60-120 min ( Figure 5C ). A cytotoxic response also to the purified ClyA appeared after prolonged treatment (e.g., 18 hr), as seen earlier with macrophages (Lai et al., 2000) .
A more-sensitive method to monitor cellular responses such as cell lysis is to study whether toxin exposure alters the ion homeostasis of target cells. Thus, we used a ratiometric imaging system to monitor the intracellular calcium concentration in primary epithelial cells from rat. This approach allows a rapid detection of cell lysis, within the minutes range, on a single-cell level. Cells preloaded with the calcium-sensitive dye Fura-2/AM were exposed to ClyA at 30 nM in an OMV preparation from strain MC1061/pYMZ80. Approximately 10 min after addition, a sustained elevation of intracellular calcium was observed ( Figure 6A ). Within 30 min, all cells in the cell cluster showed a sustained elevation of the intracellular calcium concentration, and several of the cells had lysed. Cell lysis was shown as an abrupt drop in immunofluorescence (ratio ϭ 0) due to leakage of the calcium-sensitive dye out of the cell, and this occurred normally within 1 hr (data not shown). The cytotoxic effect was indeed due to the effect of ClyA, since OMVs from the clyA mutant strain YMZ19 had no effect on the intracellular calcium concentration ( Figure 6B) , not even at amounts twice as high as when ClyA-containing OMVs were used. As shown in Figure  6C , the purified ClyA (60 nM) was unable to introduce any alterations of the cells calcium homeostasis during the duration of the experiment. These results are in keeping with the above-described hemolysis and cyto- The ClyA protein isolated from the periplasmic fraction was mainly in the monomeric form ( Figure 7A, lanes  1-3) . However, ClyA present in OMVs appeared in the top). Cells with altered, more round morphology started to appear, and there was detachment of cells from the form of larger (more than 220 KDa) oligomeric complexes ( Figure 7A, lanes 4-9) presumably representing surface. However, in the case of pure protein, the toxic effect on HeLa cells only appeared after longer treatthe octameric ClyA complexes suggested to be the active form of pore assemblies (Wallace et al., 2000) . ment ( Figure 5B, bottom) . The first clear signs of cytotox-the OMVs, there were clear indications that AMS groups were added to free thiols in the protein. It appeared that the majority of ClyA was present in reduced form and migration was altered even when lower AMS concentrations and shorter incubations were tested ( Figure 7B,  lanes 4-9) .
Formation in the OMVs
It was conceivable that the observed difference in oligomer formation could be due to a local concentration effect since, presumably, the effective concentration of the protein may be much higher in the OMVs relative to the ClyA in solution. We estimated from the relative yields of ClyA protein in the different preparations that the concentration can be 10-fold higher in the OMVs as compared with that of the periplasm. After concentrating the ClyA obtained from the periplasmic compartment by vacuum evaporation and thereby obtaining a 10-fold more concentrated solution, we repeated the crosslinking test. The test, which was performed with two different, independently isolated preparations, did not provide evidence for oligomer formation due to the higher protein concentration, but the ClyA protein remained as monomers (data not shown). The result does not rule out that a local concentration effect might contribute to higher bioactivity of ClyA in OMVs, but it did not seem to be the main mechanism.
To test if the lack of formation of oligomers in the case of ClyA from the periplasm depended on the redox The oligomers appeared similar (more than 220 KDa) to those detected with ClyA present in OMVs (compare Figure 7A) . Furthermore, we found that the oligomerization of the DTT treated protein resulted in higher cytolytic The monomeric ClyA in the periplasm was shown to activity. It showed more than 16-fold higher hemolytic have an intramolecular disulphide bond formed between activity than the untreated ClyA protein (data not shown). the cysteine residues at positions 87 and 285 in the We conclude that the ClyA protein had a different polypeptide (Atkins et al., 2000) . The presence of the redox status when present in the OMVs in comparison disulphide bond was suggested to prevent oligomerizawith the ClyA protein from the periplasm, and evidently tion of ClyA. To directly assess the status of the cysteine this difference correlated with the difference in formaresidues and their involvement in disulphide bond fortion of oligomers and active pore assemblies. mation, we carried out alkylation of free thiols using the high molecular mass molecule AMS (4-acetamido-4Ј maleimidystilbene-2-2Ј-disulfonic acid) as described Dsb Pathway-Dependent Redox Regulation of ClyA Activity in the Experimental Procedures. Samples of the ClyA protein purified from periplasm and of the OMVs conIn the periplasm of E. coli there are two complementary pathways that catalyze the formation of disulphide taining ClyA were subjected to the AMS alkylation and were subsequently analyzed by immunoblot analysis bonds (reviewed by Ritz and Beckwith, 2001 ). DsbA and DsbB in the disulphide bond formation pathway add with anti-ClyA antibodies ( Figure 7B ). The purified ClyA protein was not susceptible to become AMS derivatized, new disulphide bonds to folding proteins. The DsbC and DsbG proteins in the disulphide isomerization pathway as judged by the fact that it was not altered in its gelelectrophoretic migration even after treatment with a rearrange existing bonds between incorrectly paired cysteines. Since our analysis of ClyA indicated that the high concentration of AMS ( Figure 7B lanes 1-3) . We take this as evidence that the cysteine residues in ClyA pore-forming activity of the protein might be dependent on the redox status, we tested if expression of ClyA were engaged in disulphide bonding. In tests after prior treatment of the protein with the reducing agent dithioactivity was affected in E. coli strains with deficiency in the disulphide bond formation pathway using the strains treitol (DTT), we found that thiols became available for AMS derivatization (data not shown), and the results HK205 (wild-type), HK229 (dsbA::Kan mutant), and HK227 (dsbB::Kan mutant). We then made the remarkwere consistent with the notion that the majority of ClyA in the periplasm is in oxidized form. In the case of ClyA in able observation that the dsb mutant derivatives ex-pressed hemolysis on blood agar plates ( Figure 7D ). There were clear zones of lysis around the bacterial colonies of the mutant strains, whereas the wild-type strain was negative. Figure 7F . In keeping with the hemolysis phenotypes, we found that the dsb mutant strains displayed cytotoxicity, whereas the wild-type strain did not. Genetic analyses that included derivatives with an in-A possible reason for a change with respect to the redox status of proteins in OMVs is suggested when we frame deletion of the clyA locus verified that the hemolytic/cytolytic phenotype was due to the activity of ClyA. look at the proposed role and location of the different Dsb proteins involved in disulphide bond formation in The dsbA::Kan mutation was introduced by transduction into strains M182 and MWK7, which are wild-type and the periplasm (reviewed by Ritz and Beckwith, 2001 ). The periplasmic space in E. coli is favorable for disul⌬clyA derivatives, respectively. All dsbA::Kan transductants of M182 were showing the positive hemolytic phephide bond formation as it contains the thiol oxidant DsbA protein and the disulphide bond isomerase DsbC. notype, whereas the MWK7 transductants did not. The results confirmed that the activity of ClyA was depenThe DsbB protein is a cytoplasmic membrane protein responsible for maintaining DsbA in an oxidized state. dent on the disulphide bond formation pathway in a manner that was consistent with the redox status of Using immunoblot analysis, we found that little or no DsbA protein was localized in the OMVs together with the protein.
To assess if ClyA and DsbA were colocalized in both the ClyA cytotoxin while it was readily detected in the periplasmic compartment ( Figure 7G ). The ␤-lactamase, periplasm and OMVs, we assayed whole-cell extracts, OMVs, and periplasmic extracts of the ClyA-producing which is another periplasmic protein, was clearly detectable in both compartments, although the ratio of strain MWK11 in immunoblot analysis ( Figure 7G, lanes  1, 3, and 4) . A dsbA::Kan mutant transductant (SNW200) ␤-lactamase between OMV and periplasm was lower than that of ClyA ( Figures 4D and 7G ). Assuming that of MWK11 was included as control ( Figure 7G , lanes 2 and 5). The ClyA protein was detected together with some undetected amount of DsbA was localized in the OMVs, the protein would no longer be in contact with the the DsbA protein in whole-cell extracts and periplasmic extracts. However, in the OMVs, there was no detectable DsbB protein and, consequently, the disulphide oxidase activity of DsbA could be expected to be less efficient. DsbA protein (compare lanes 3 and 4 in Figure 7G ). We obtained the same result with two separate preparations We should emphasize that it is not ruled out that there could be some costimulatory component(s) of ClyA acof OMVs from strain MWK11 ( Figure 7G and data not shown). While we do not exclude that a small amount tion in the membrane vesicles. However, the observed difference in redox status and the findings with the dsb of DsbA might be localized to the OMVs, the results clearly demonstrated that the ratio between DsbA and mutant bacteria suggested that the Dsb components were important here. We do not have any evidence for ClyA was very different in the periplasmic and OMV compartments, and this difference was consistent with direct involvement of some disulphide reductase in the OMVs, but it may be considered. In any case, by virtue the redox status of ClyA.
of the separation from some of the Dsb components, the oxidation of ClyA and other proteins would be exDiscussion pected to be less efficient in the OMV compartment. Our data are consistent with such a model, and it was This work defines a vesicle-mediated transport mechaevident that the ClyA protein might thereby become nism in bacteria that is responsible for the activation more active in the formation of the oligomeric poreand delivery of pathogenic effector proteins, seemingly forming assemblies. While it remains to be elucidated, independent of the previously described type I-V secreour findings raise intriguing questions about the possitions systems. Our studies demonstrate that the ClyA bility that there could be some mechanism of crude cytotoxic protein is found in the form of active oligomeric sorting, in which some periplasmic proteins are more assemblies in outer-membrane-derived vesicles reor less excluded from OMVs. leased from the bacterial cells during normal growth.
A different role for OMVs released by E. coli in connecWe conclude that the ClyA protein, which is present tion with toxin secretion has been suggested in previous in monomeric form in the periplasm, is undergoing an studies. Secretion of the heat labile toxin (LT) from enterooligomerization and forms the active pore assemblies toxigenic E. coli ( . The ClyA protein is not dependent on the GSP ing with the target cells and that the cytotoxin thereby secretion system as evidenced by tests with a gspF also was more efficiently delivered to the target cell knockout mutant, and none of the other known secretion membranes. However, more importantly, the present systems (types I-V) appear to be involved directly (our findings establish that both export and the formation of unpublished data). It was proposed that LPS tethered LT cytotoxically active pore assemblies are facilitated by to OMVs and that the interaction facilitated intoxication the release of OMVs. We conclude that our studies of (Horstman and Kuehn, 2002) . These studies also showed the ClyA cytotoxin have revealed a bacterial exportthat the LT interaction with LPS neither attenuates nor dependent activation pathway. Since the Dsb system is enhances toxicity per se. In the case of the ClyA protein, important for many periplasmic bacterial proteins we we suggest that it is incorporated in the OMVs as part must consider the possibility that localization to OMVs of the periplasm that is released from the cells by the may be of relevance for the action and function also in vesicle formation. It should be emphasized that our findother cases where the redox status of the protein can be affected.
ings with the ClyA cytotoxin thereby provided evidence analyzer. A sufficient number of residues were determined to allow unambiguous identification (100% identity; using the NCBI BLAST Experimental Procedures database). 
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